However, in the extreme thermal environment of re-entry, pressure ports still have a high risk of failure, making the acquisition of the air data unreliable and adversely affecting flight control. From the 1980s, NASA has been studying the implementation of FADS for hypersonic vehicles such as the X-15 and X-33 1) 2) . JAXA (Japan Aeronautical Exploration Agency) had also been studying the implementation of FADS in a hypersonic vehicle called HYFLEX (HYpersonicFLightEXperiment), but was never practically implemented due to the cancellation of the project. In addition, due to the severe conditions during re-entry, the failure risk of the measuring apparatus was even higher. Therefore, by utilizing a large number of pressures holes and developing FADS with fault tolerance design, the authors aim to create a system that is able to operate in any environment.
Recently, Todaka et al. proposed an algorithm based on Tashiro's method of calculating static pressure 3) and referred to Suenaga's method to calculate the calibration factor 4) for a FADS specimen. The calibration term is defined by the static pressure and pressure coefficients, which are calculated from the measured pressures of 17 different ports for the redundancy. However, Mach number estimation results showed discrepancies, therefore the authors adopted new algorithm based on the X-33's method. In this paper, the design specimen of FADS, transonic wind tunnel experiment results, and air data estimation results using the X-33's method are discussed. FADS mounted on a next generation winged rocket (Figure 2 ) developed at the Kyushu Institute of Technology are also discussed. 
Wind Tunnel Experiment Experimental apparatus
Pressure distribution measurements are performed using the transonic wind tunnel located at the JAXA Sagamihara campus in Japan (Figure 3 ). The shape of the FADS specimen is designed according to shape of the nose cap of the winged rocket. The specifications of the specimen are shown in the Figure 4 . The frontal diameter of the specimen is 110 mm and the radius of curvature of the specimen tip is 43 mm, with 17 pressure sensing holes. This 17 measurements slot configurations is the initial design and is based on previous FADS model. The number of measurements ports selected is a compromise between the need to accurately measure the flow condition at the nose and the cost of manufacture of the ports on the vehicle. 
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Test conditions
The specimen is tested according to the test conditions in Table 1 . The experimental data of the FADS for these test conditions have been analyzed using the algorithm discussed below. 
Air Data Estimation Algorithm Aerodynamic model
The fundamental concept of the FADS system is that air data parameters can be estimated from the flush surface pressure measurements. To perform this estimation, the air data must be related to the surface pressures by an aerodynamic model that accurately models the flow and is valid over a large Mach number range. The aerodynamic model is derived from the closed form potential flow solution for blunt bodys which is applicable at subsonic speeds and the modified Newtonian flow model applicable at hypersonic speeds. Both the potential flow and the Newtonian flow are described as measured pressure coefficient in terms of the incident angle. To blend the two solutions over a large range of Mach numbers, a calibration parameter is introduced. The resulting model Equation (1) is as follows.
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The incident angle is related to the local or effective angle of attack and sideslip angle as shown in the following. 
In Equation (2), the cone angle is the total angle the normal surface makes with respect to the longitudinal axis of the nose cap. The clock angle is the clockwise angle looking around the axis of the symmetry starting at the bottom of the fuselage. These coordinate angles are shown in the Figure 4 . The remaining parameters in Equation (1) are impact pressure and free stream static pressure. Using these four basic parameters, most of the other air data can be calculated.
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Port selection for the algorithm Since there are four air data states and a calibration parameter to be estimated, at least five independent pressure measurements must be available to derive the entire air data state. Using five sensors to estimate the air data is equivalent to a high order spline fit and results in an estimating which is sensitive to noise in the measured pressures.
Providing an additional sixth sensing location mitigates the noise sensitivity, increases redundancy options, and results in a system which gives overall superior performance. Figure 5 shows the FADS measurement locations. The layout along the meridian lines allows the calculation for angle of attack to be decoupled from sideslip angle calculations. The system layout is designed to be sensitive to angles of attack varying from -20 to 45, and angles of sideslip up to +-20. The air data parameters are estimated from Equation (1) and Equation (2) however, for a local angle of attack and sideslip angle, combinations of three pressure holes are strategically selected. Then the relationship between static, impact pressures and calibration coefficient is eliminated. The flow chart for the estimation of parameters is shown in Figure 6 and 7. The algorithm has two segments; one for estimation of calibration coefficient and the other for the estimation of other physical parameters. Using the wind tunnels results, the calibration coefficient is determined while the air data parameters are estimated for the actual flight test. 
Figure 5:-FADS measurement locations
Here in Equation (3), the local angle of attack is decoupled from the local sideslip angle using only pressures aligned along a vertical meridian of =0° and 180°. The local angle of attack solution is shown in Equation (4) and Equation (5) . The output of the angle of attack is determined as mean of the values computed using four individual triples. The average of the results provides a measure of noise rejection for the estimator. If one of ports along the vertical meridian is deemed unusable and it is weighted out of the algorithm, then only one valid triple remains for computing the angle of attack.
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Estimation of local sideslip angle
Once the angle of attack is estimated, then the sideslip angle may be evaluated using any combination of the available ports that lie on the vertical meridian. The result for estimating the local sideslip angle is shown below. The output of the sideslip estimate is determined in the same manners as the angle of attack (Equation (6, 7) ). It is the mean of the values computed using the four individual triples. Again, if one of the ports is deemed unusable and weighted out of the algorithm, then only one valid triple remains for the computing the sideslip angle.
Estimation of incidence angle
The incidence angle for the respective local angle of attack and sideslip angle at the respective ports with cone and clock angles are estimated using Equation (3-2).
Calculation of calibration factor
Once the angle attack and sideslip angle are determined, the incident angle at each pressure hole is calculated using Equation (8). In addition, the calibration factor is formulated using the pressure field model from Equation (9) as shown below. 
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Main stream angle of attack and sideslip angle
The FADS is also used to estimate the local angle of attack and side slip angle on the blunt shape, which is different from the mainstream angle of attack and sideslip angle and can be derived for a winged rocket using the calibration factor. The calibration formula is derived using the reference values from the wind tunnel experiments. Estimated values are calculated using the formulas shown in Equation (10) and Equation (11). Estimation of local angle of attack, sideslip angle and incidence angle The same method of calculation (Equation 1 to Equation 7) is used for the calculation of the local angle of attack, sideslip angle and incidence angle using the total pressure data from each port of the FADS.
Mach number estimation
Once the values of estimated angle of attack and sideslip angle have been determined, then the incidence angle at all ports can be evaluated and only calibration factor and freestream static pressure remains as unknowns in the pressure equations. As calibration factor is implicitly a function of static pressure and dynamic pressure, the resulting system of equations is nonlinear. The solutions for static pressure and dynamic pressure must be extracted iteratively. The calibration factor is a function of Mach number and is used for estimation of the Mach number.
For deriving the Mach number iteratively, the calibration coefficient for the suitable angle of attack is required. Based on the calibration coefficient results from the wind tunnel, Mach numbers for the given local angle of attack is obtained. The initial Mach is obtained and the calculation is repeated iteratively until the Mach number converges. Mach numbers can be computed using normal, one dimensional fluid mechanics relationships. Sub-sonically, Mach numbers can be calculated directly using isentropic flow laws is shown in Equation (12). Supersonically, the solution is computed using the Rayleigh pitot equation, which is derived from adiabatic normal shock relationships and is shown in Equation (13). 
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The Mach number estimation results for different angle of attack and sideslip angle are calculated. The estimated angle of attack and sideslip angle were similar to that of the reference angle of attack and sideslip angle with a very small error in the transonic regions. The error analysis shown in Figure 13 concluded that the algorithm should be revised to reduce the gap between the estimated and reference values and improve the accuracy of the FADS. It is also noted that there are some singularity points which resulted in faulty values when calculating sideslip angle.
Figure 13:-Free stream sideslip angle estimation results
Currently, the authors are performing wind tunnel experiments in supersonic region 5) and also studying about the elimination of the singularity points. They are also planning to implement a fault tolerance 6) capability for the estimation algorithm, as the failure risk of the measuring apparatus is high. This algorithm, if successful, would be implemented in the WIRES#013, the current version of the winged rocket, which is expected to be launched in December 2019.
